DEGLUTITION is a reflex coordination readily accessible and conveniently exact, yet far surpassing the integrative qualities of simpler reflex action. In a manner yet unknown, motoneurons scattered from C3 to the mesencephalon are reproducibly controlled in an intricate pattern of excitation and inhibition specific to this synergy. This paper presents an electromyographic definition of this performance and in so doing more closely specifies the necessary characteristics of its coordinative mechanism. plex by approximately 40 msec. in initiation and termination of activity. Figure 6 is atypical in this regard, but properly illustrates the usual finding that maximal palatopharyngeus activity is attained well after activity in the geniohyoideus is fully developed. c. Constrictor musculature.
METHOD
The pharyngeal constrictors fire in overlapping sequence (see Fig. 12 ). The activity in the superior constrictor is very similar to that in the anatomically related palatopharyngeus and is included in the lead group. The middle constrictor is usually inhibited during the first third of the leading complex action, then undergoes a gradual increment in activity to a maximum which is briefly sustained, followed by a gradual subsidence (Fig. 7) . The inferior constrictor is inhibited during almost the entire course of lead muscle activity and its peak of action usually does not begin until after their cessation (Fig. 8) . The inferior constrictor action tends to be temporally more dispersed than that of the middle constrictor and tapers off even more gradually.
d considerable species variation in the timing of their participation. The thyrohyoideus is the more constant, its initial activity following the onset in lead muscles by 45-100 msec. (Fig. 9 ) with inhibition frequently manifest during this interval.
Action in the thyrohyoideus terminates very shortly after that of the lead group.
The thyroarytenoideus muscle, within the vocal cord, fires earlier in deglutition in the monkey, following the leading complex by only 30-80 msec. In dog and cat activity in the thyroarytenoideus usually dues not begin until X0-200 msec. after activation of the leading complex; inhibition is present in this interval.
In the three species studied, the action of the thyroarytenoideus terminates with or shortly after that in the lead muscles. The interarytenoideus was observed electromyographically only in the monkey, in which it was seen to fire with thyroarytenoideus.
Action in the cricothyroideus is very different in timing in each of the species, though its position in the sequence of swallowing activity is roughly comparable.
In the dog inhibition is the most prominent feature, being complete for the first half of lead muscle action and moderate for the latter half ( Fig. 10 ). An intense, brief burst of activity of 50-100 msec. duration may occur, especially when urethane anesthesia is used, but frequently inhibition is the only sign of its inclusion in the performance of deglutition.
In the cat action of the cricothyroideus follows much the same time course as the thyrohyoideus.
The inhibition is present, though not as prominent as in the dog, during the period between onset in lead muscles and the cricothyroideus action. Its activity ends with that in the lead group and there is no late burst of action. Its activity in respiration is considerably greater than in deglutition.
e. Musculature unique to monkey. While the digastricus of the cat or dog was found to be silent during deglutition, the anterior and posterior digastricus of the monkey did occasionally participate. At best, however, their action is minimal compared to that seen during other synergies such as chewing. When active in deglutition, the anterior digastricus begins firing concurrently with the mylohyoideus so that it too must be considered as an- ticipating the main lead muscle action by as much as 40 msec. The theoretical significance of this margin of lead for neurons of the fifth motor nucleus is not yet apparent, but it seems unlikely to be accounted for simply on the basis of shorter conduction distances. The posterior digastricus is inhibited for 100 or more msec. during the early phase of deglutition and then either gradually resumes background activity, if present (Fig. ll) , or goes on to tire a pattern rather similar to that seen in the middle constrictor.
No satisfactory records were obtained from the cricoarytenoideus posticus although it appeared to fire roughly in parallel with thyroarytenoideus. Figure 5 of necessity represents the EMGs of the participating muscles to be of fixed duration.
Modifiability of swallowing pattern
There was actually wide variation observed in the animal, but for 300 msec, after arousal. In the unanesthetized preparation the mylohyoideus may fire for over 500 msec., but the seemingly more normal action in the lead muscles in the unanesthetized animal was about 400 msec. (Figs. 7, 8, 9 ) and it was this type of preparation on which the schema of Fig. 5 was based.
The temporal pattern of action among the different muscles is little disturbed by these variations of overall duration (Figs. 7, 9 ). In these instances, swallowing is prolonged or shortened as a whole-a temporal arrangement analogous to the spatial relation between points on a uniformly expanding or contracting surface, leaving proportionality unchanged despite quantitative variance. Thus, the peak activity in the middle constrictor in Fig. 7 falls just as mvlohyoideus action is ending, despite the fact that the latter varies from 286 to 500 to 400 msec. duration under the three conditions. Similarly in Fig. 9 duration of thyrohyoideus action and lag period varies pari passu with timing of the mylohyoideus.
In this example the duration of mylohyoideus action increases from 320 to 420 msec,, while thyrohyoideus increases from 280 to 350 msec. and the lag in onset of its action from that in mylohyoideus increases from 66 to 100 msec. The only exception was an isolated observation in which a "bolus" of rubber tubing or of cotton produced a greatly prolonged (800 msec.) activity. However, in this instance, neither a gagging nor an ejection response could have been differentiated from swallowing, as recording was only of the geniohyoideus and thyrohyoideus muscles. All other attempts to modify the course of deglutition failed. The temporal organization of swallowing was unaltered by fixation of the hyoid mass at extreme rostra1 or caudal positions, varying degrees of traction upon the tongue, holding the mouth open, or placing head and neck in any extreme position. The exception was that of occasional slight enhancement of action in certain muscles. Participating muscles could be excised or procainized without affecting the sequence of events in the others; nor did concurrent stimulation of hypoglossal or lingual nerves change the response in any bu t the muscles which they in nervate. Cocainization of surface of the pharyn .x did not alter swallow ing evoked by SL the mucosal stimulation. 3 . Detailed pattern of electromyogruphic activity While the temporal coordination of deglutition was constant, the action of individual motor units discernible with CR0 recording was completely unpredictable.
No two EMGs of deglutition from the same electrodes gave identical or even similar unit patterns. Some of this variation from one swallow to the next could perhaps be attributed to slight displacements of the electrodes accompanying motion of the muscles, so that in many instances the el .ectrodes may not have sampled the same u nits from the same position each time. Nonetheless, it seems highly u nlikely that the electrodes would never record the same units twice, and indeed the same units could frequently be identified throughout a long series of swallows. This V&a-bility in pattern of unit response is thus thought to reflect randomization of motoneuron discharge to the excitation emanating from the neural system regulating deglutition. In the muscles showing most abrupt onset of swallowing activity, a period of some 50-100 msec, of recruitment is seen during which irregular firing of a few units increases into a massive discharge obscuring all details. The activity is similarly terminated in a gradual subsidence rather than by abrupt cessation. Thus, with the technique employed, it is only during onset ROBERT W. DOTY AND JAMES F. BOSMA and termination of swallowing action in a particular muscle that unit behavior may be observed.
The complexity of the activation mechanism of deglutition previously described (1) was again manifest in the observation that in no experiment could a constant temporal relation be found between stimulus pulses and beginning of activity in lead muscles. This relation could be best studied using low frequencies of stimulation (3-10 pulses per sec.), in which the ensuing swallow is most likely to be directly linked with the pulse immediately preceding it rather than with an antecedent pulse. msec. This temporal randomization and lag between input and output, extensively confirmed in all species, shows the intricacy of the processes converting spaced, synchronous volleys into the protracted and highly organized excitation delivered by the mechanism governing deglutition. SL stimulation also evokes a variety of brief reflexes which foUow stimulus pulses at consistent latency. These have been designated ('elementary" reflexes to distinguish them from the more elaborate reflex performance of swallowing.
These simpler reflexes were seen most frequently in geniohyoideus, palatopharyngeus, thyrohyoideus, cricothyroideus, and thyroarytenoideus and never in intrinsic muscles of the tongue. They were characteristically of low amplitude and highly inconstant pattern. Their minimum latency of 8-10 msec. seems to indicate that more than one synapse is involved even in these elementary reflexes. In ancillary studies, it was found that electrodes in fasciculus solitarius recorded potentials closely associated with the elicitation of deglutition within LO-l.5 msec. after SL stimulation (2) . On the basis of this observation, and with the distances involved, no more than 5 msec. seems reasonable for conduction time and this, plus an additional msec. for neuromuscular transmission, leaves 2-4 msec, central delay. The multi-synaptic interpretation is consistent with Szentigothai's failure to find monosynaptic linkages in the medulla save in masticatory and hypoglossal nuclei (9) . FZh&r evidence of their complexity can be seen in Fig. 13 . Here stimulation at 3/set. elicited no reflex until the 12th and 13th pulses (a, b) at a latency of 12 msec. By the 25th pulse (d), the latency has shortened to 10 msec. and the reflex discharge is more prolonged and of larger and more vari- at 3/set., being the 12th on which the reflex appeared for the tit time, 13th, 14th, and 25th pulses, respectively. e at IO/WC, f and g at 3O/sec. The last half of thyroarytenoideus activity in deglutition is seen ing followed by period of depression in which elementary reflex is lost or delayed (compare with f). Time 500/set. for a-g. able amplitude.
At moderate frequencies (e, f> the amplitude and complexity are increased. Of particular interest is the complete loss of the reflex immediately following deglutition (g; compare with record f immediately prior to this swallow) and its return, highly attenuated, with a 16 msec. latency. This was a typical finding and is equally well-illustrated for another muscle and another species in Fig. 6 . These elementary reflexes are also commonly followed by a silent period of 30-40 msec., as can be seen readily in geniohyoideus (Fig. 6 ) having a high level of background activity. At stimulus frequencies obliterated.
above 30/set. background in the geniohyoideus is thus fully Interaction between the elementary reflexes and deglutition is minimal. With low-frequency stimulation, a curtailed silent period associated with the stimulus pulse can frequently be observed during deglutition, as is suggested in Fig. 6 by reason of the continual nature of respiration, and the utilization of common pharyngeal passages, the synergies of swallowing and respiration must inevitably interact. There is a tendency for swallowing to occur uniformly at certain phases of the respiratory cycle. In dog and monkey, under ether or urethane anesthesia, approximately 80 per cent of the swallows occur during or at the peak of inspiration.
In such instances, the action of the diaphragm continues unabated for 50 200 msec, after onset of activity in muscles of the leading complex (Fig. 12a) . Occasionally and unpredictably, swallowing occurs under these conditions entirely during the expiratory cycle. In the cat under all conditions or in dog and monkey under nembutal anesthesia or during extreme respiratory suspension effected by SL stimulation, swallowing is usually associated with expiration. The widely reported, brief, isolated contraction of the diaphragm midway in deglutition (the "Schluckatmung") was observed only rarely and presumably is thus not an integral part of deglutition.
In early asphyxia most or all of the muscles active in deglutition are recruited into the respiratory effort. As a generality, the palatopharyngeus, posterior tongue, geniohyoideus, middle constrictor, and cricothyroideus are active during inspiration, while thyroarytenoideus, inferior constrictor, and thyrohyoideus (except in the cat) fire during expiration. Such action is usually of less amplitude than that seen in deglutition. It does not always fall in exact phase with respiration.
Thus, the cricothyroideus and middle constrictor consistently fire 40 or more msec. before the diaphragm becomes active and cease correspondingly sooner. It is noteworthy that certain muscles firing in a parallel fashion under the influence of the respiratory center, as the two just mentioned, are active in different sequence during deglutiCon. Furthermore, respiratory action of middle constrictor can be abruptly inhibited with onset, of deglutition, whereas the diaphragm frequently continues firing.
In the isolated encephalon under artificial respiration, the "respiratory" action of these muscles follows in proper phase with the expansion of the lungs, presumably through the mediation of the Hering-Breuer reflexes. Such influences are not, however, sufficient, to preserve the uniformity of temporal relation normally expected between swallowing and the respiratory cycle, and in such cases swallowing occurs randomly in relation to artscial, "driven" respiration. With incomplete asphyxia it is frequently seen, particularly in the monkey, that action ceases in the diaphragm after 1. Another differentiation between swallowing and respiratory influences is that produced by nembutal.
As seen in Fig. 12c , even 10 per cent of the anesthetic dose causes considerable alteration in the respiratory pattern, but is without effect on the organization of deglutition. Synergies of the pharynx other than swallowing and respiration were incidentally observed, but none other than respiration interacted directly with deglutition.
Retching is particularly elicitable in the monkey and is characterized by sustained action for 1 sec. or more in the diaphragm, muscles of the larynx, the leading complex of swallow, and in the sternohyoideus and sternothyroideus, which are silent in deglutition.
The synergy is distinguished from deglutition not only by its longer time course and recruitment of additional muscles, but by a different sequential arrangement in the firing pattern. Thus, the laryngeal muscles lead in retching, activity appearing in thyroarytenoideus 400 msec. prior to that in glossopharyngeus.
Licking antecedent to swallowing is very common in the cat. This event is marked by about 150 msec. activity in the entire tongue and geniohyoideus, more intense than that seen in swallowing, while other muscles remain silent (Fig. 6 ).
D ISCUSSION

Stimulation
of afferents in the pharyngeal area is pluripotential, deglutition being but one of several effects obtainable. In addition, there is evoked a variety of simpler reflexes, general arousal of the animal and such electromyographically separable synergies as intra-oral manipulation, emesis, and effortful respiration (see Fig. 4 ). The manner of representation of these performances within the complex arrangement of the brain stem is still unknown.
Since the early unequivo&lly demonstrated only with neuronal rather than EMG recording from the completely curarized animal with exteroception eliminated by local anesthesia. The conclusion suggested here, however, gains some support from reports of the absence of proprioceptive fibers or receptors in many of the muscles concerned in deglutition (reviewed in 11). In this apparent independence from proprioceptive modification, deglutition d%ers conspicuously from posture and simpler motor functions of trunk and limbs. The crossed extensor reflex is modified by position of the limbs involved. Limb muscle response to motor cortex stimulation is altered by changing resting posture (3) dependent upon muscle tension
The frequency of shivering movements is 7). No such effects have been observed for deglutition, and it is likely such afferent control would be inappropriate in a muscular region performing in a variety of necessarily independent synergies.
The efferent stability of the swallowing center is striking in comparison with the marked variation in its threshold to stimulation by the afferent influences to which it is accessible. Depending upon level of anesthesia, there is more than a 20.fold variation in threshold to SL stimulation. De-spite this variation, the pattern of deglutitionROBERT W. DOTY AND JAMES F. BOSMA pharyngeus, palatoglossus, posterior intrinsic muscles of the tongue, styloglossus, stylohyoideus, geniohyoideus, and mylohyoideus, fire concurrently for 250-500 msec. to initiate the act. Other muscles, such as the middle constrictor, thyrohyoideus and thyroarytenoideus, are inhibited at the onset, becoming active after varying delays. Action in the inferior constrictor is deferred until leading muscle action is nearly over. There is no great species variation save in the muscles of the larynx. Sternothyroideus, sternohyoideus, intrinsic muscles of the anterior tongue and digastricus of cat and dog are silent in deglutition but they participate in other synergies such as licking, chewing, and emesis.
A variety of elementary reflexes were observed to follow stimulus pulses to the superior laryngeal nerve at a minimum latency of 8-10 msec., but no consistent temporal relation could be established between such pulses and onset of deglutition.
Procainization, stretch or transection of various participating muscles, cocainization of the pharynx, and administration of strychnine, anesthetics or moderate asphyxia all failed to effect substantial alteration of the pattern of deglutition.
The results are discussed in relation to possible mechanisms organizing this coordination.
The electromyographic evidence is incompatible with a system requiring continued afferent regulation or collateral linkages between motor nuclei.
